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An Investi~ation of A Maraging Steel
With Lower Ni and Co Contents

Tsal Chi-kung Chu Bzhing Ho Chungwchih
Shen Hui-wang Lo Li-kenr Sung Wei-shun
and Yu Wei-lo
(Peking Institute of Iron and Steel Research)
Abstract
Our experiments indicate that 12Ni mararing steel containing Mn and

Or and with lower Ni and Co contents malntains high strength and tourhness.
Observing the precipitation phases after aring and the disloeation
confipurations and analysising the easy cross-slip behavior of disleoeations,
we try to discuss the results on an assumption that the hexagonal close-
packed phases were precipitated along the stacking fault sone of the
dislocation lines, In order to predict the atability and solubility of high-
temperatures nustenite in mararing steels, a criterion has been surgested
from the point of view of averase electron concentration per atom of the allay,
The oriterion wi'l be found helpful for rational alloying of marar-ing steela

with lower Ni and Co contents,

(1
In a previous article,,the authors, based on the characteristies of

the dislocation structure in 18Ni maraging steel, the form and structure of
the precipitation phases along the disloocation lines, the orientational
relationship of 'he precipitation phases and the matrix and some other
phenomena observed in experiments, have suggested an assumption that the
fault sone along the dislrcation lines in a bodv-centred cuhic martensite
matrix, becaise of the existence of hexagonal close-packed lattice structure,

is helpful for the nucleation of hexagonal close-nacked precipitation phases.
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This assumption can explain the fact that in aging, the hexagonal close~packed f
phases NiBTi and NiBMb precipitated out along the orientational pure spiral

3 dislocation lines of 111> will be good for energy. Using this assumption,
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some other phenomena observed in experiments can be explained, and from the

structural point of view, it can explain the interaction of Co-Mo as well,

R On this basis, this article is attempting, by using transmission

e

electron microscope to make further investigation of the precipitation phases
and dislocation confimurations after aring of 12Ni marasing steel of which

Ni and Co are partially replaced with Mn and Cr; to analyze the characteristics
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of the cross-slip behavior of dislocations; to apply the method used in the

study of hish-temperature alloy of using the averapre electron hole number or

EREL

average electron concentration successfully to predict the stability and
solubility of austenite to maraging steels; and finally to suggest a ecriterion
of average electron concentration, Through these studies, we intend to
suggest some useful knowledge for rational alloying of maraging steels with

lower Ni and Co contents,

1. Criterion of Average Electron Concentration
One important prerequisite for super-hich stren~th and high toughness
of 18Ni maraging steel is that during the high-temperature solid solution ¢
treatment, a full austenite structure containing great amount of such
strengthening elements as Mo, Ti and others can be obtained so that a
supersaturated full martensite will come out after cooling, Rut, if such

strengthening elements as Mo, Ti, Al, V, and Si are added too much, the result

e e Y T

will be just the orposite. Because the solubility of anstenite matrix is
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limited, along austenite orystal boundary or in the oryatal there will be

undiasol
great amount of , disso v.dzcecond phases, which are not only useless for are

strengthening, when break ococurs, they often become the source of plastic
ocavity and damage the toughness. On the other hand, all these stren-thening
elements ocan help to close the gamma sone, and after helngff°a°1v°9hto the
matrix as the solid soluttion tempesrature is increased, they alwnys help to
form delta iron of high temperature ferrite, So after cooling, there will be
no full martenasite structure, Therefore, the oriterion of an appropriate
amount of t'ese strengthening elements will be determined by the stability
of the austenitic bnase at high temperature and the solubility of the
strengthening elements,

a
In the study of hirh temperature alloys, somnoanhna, based on phase

analyses and state diagrams, sucrested a oriterion of the averase electron
concentration of allovs of Ni and Co base, Py uaing average electron hole
number ﬁv rer atom of 4 shell of an alloy or the averace electron number Napd
of the outer shell (namely apd shell), the stability of austenitic base at
hich temperature and the solubility of atren-theniny elements Mo and Ti1 can
be determined. The formula of averate outer shell eleotron number i'apd
which, as has been concluded in some writings, at a temperature rangre of
800°C-1200°C, can guarantee the atability or not over aaturated (solutien
1imid) Af austenite structure, will be:

For allay of Ni base,

NS 82040 2(‘20306-T‘ )
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r - For alloy of Co base,

N=795+0.16(20=T)

T stands for Celsius temperature. This criterion can be expressed by the

: averagce electron hole number N,. Because the electron number filled in 4 shell

is 17, the electron number of the conduction band is 0,66, so the relationship

e qarOnTD PRI (Y

between the electron hole number N, of d shell and the electron number Nspd

of spd shell is: Ny =10+0.66—N,pa=10.66—N.pa |

The relationship between high temperature alloys of Ni base and Co base

P AN & ATl e WS W

mentioned above e¢an be extended to allov of ferric base, According to the
conclusions of investirating ferric based alloys of different compositions

and maraging steels and the result of analysizing X-ray high temperature

» diffraction phases, we know that the average electron concentration limit for
austenite structural stability or saturation of ferric based alloys at a
temperature range of 800°C-1200°C is:

— (1200—7) (1) ;

Here T stands for Celsius temperature, The criterion of stability mentioned {

above, if expressed by using average electron hole number, will be:

N, =2.91—o.1o(lg°1°T;1) (2)
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Table 1 shows electron mumber Nspd of spd shell and electron hole

number N of d shell outside the atomic inertia gas nucleus of various alloy
elements, It must be pointed out that Mo and Cr of which the amount in an

alloy is usually large belong to the same family in periodic table, so they
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should have same N, 4 (family number) valus. But due to the fact that the
atomic sisze of Mo is obviously larger than the averare atomic radius of Pe,
Ni{ and Co, the solubility in austenite is therefore smaller than Cr, Because
of this kind of atomic sisze effect, the e~fective Napd valus of Mo in the
Table should be set as 2 in order to be in accordance with the experiment

result of solution limit, and the corresponding effective value N, of electren

hole number of d shell should be 8,66, Althourh other elements such as V, Ti

and Al also have the interference of atomic size effect, it is usually

neirlected because the contents of them in an alloy are insignifieant,

"ased on formula (1), it !s possible to predict whether a designed alloy
composition can guarantee to have full austenite structure in complete solid
solution at high temperature, For instance, to ruarantee a full nustenite
structure under 900°C, the averare electron concentration of the alloy is

required to be:

Nopa 2755+ 0.1(-‘303&,900 )- 805
Table 1
Allo . -
elomeni# Ny ' Co | Fe| Ma ol ngimy | oanso | M I"“‘w)
Nupe *ﬁA ] s H [ s ': 3 1
. Ny 0.68 .n 2.66 3. 66 4,68 $.68 6.0 1.88 [ 1)

In Table 2, there are results of actual test of high temperature X-ray
difraction of some alloys, It ca: be seen that when the gaverare electron
concentration i;pd is lower than the boundary value ﬁ'spd ~iven in "ormula (1),
under the state of high temperature sclid soluti~n, there will he a great

amount of delta-iron but no full austenite structure. In the remaining

delta-iron sones after coolinr, there is no high dislooation density and
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substructure, so after asing, there will be no main in high stren-th and
high toughness. It should be pointed out that in t'e low sclid sclution

temperature sone (for examele ﬁ‘O"C—Q\0‘~C\. 17 e alloy electron concentra’ion

is insufficient (namely NSN“\N.spd" there can be at the same tim:m‘:olm-imn
gone and rreat amount ~f second phases o metal commounds that are,disselved
only

(such as F‘e;,!b) or thare ig,cne of them, The concrete will he deterrined by
the free ener.y of delta-iron and metal compounds, Neit'er -veat amount of
metal compounds nor delta-iron i{s good for the strangth and toughneas of
matacing steel, So the oriterion of avera-e electron concentration mentioned

above is n useful one far desimming and adjusting alloy comresitions,

Table 2
Furnady  Alloy Compesitions ' |y high temperature
Yoo | Nl wMn] oMol mpa [y Jotney | airfraction and phase
I R T R y A Y 1 et s s ¥ — = abaervation
A . e s . OO MK Y Fe
n.r ! 4.08 l L |78 tesa T RSN Fe
B 7.8 8.9 i sCe | toep | M0 ROCT AL Le

rent amaunt of delta=imn
2oanlero 020 028 0 1IND | foed | see-r0eet Al Fe  Sram phinte

! 08T 028 ’\‘.I‘\.Nb .00 00 WAL Fe  olbaarym’ion
sz lass ot foaz | ore €08 | 180t a1l auntoenite

-

[\ 7.80 | S50
D ' .88 [ 0.8
13 LT RN

1.0
T
1

In the studr of reducin: Ni and Co in mara-ing ateela, n and G whien
are of low alectron concentration are often uaed to subatitute for Ni and Co
wvhich are of high electron concentra‘ion, and consequently the averare

eleotron concentra‘ion N of the alley becomes low and the atability and

and
aclubility of auatenitic bame under hich temperature also become lov. Viewed
from the angle of electron concentration criterfon, rartial increase cf
strencthening elements ' and Cr, which are of low electron comeentration,
often does not have the axvected effect, a:d on the contrary, {1 oan damaye
the touchnesa, Then t.het:::::\int of atren-thenins elements should be

»
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reasonably reduced and elements (such as Ti), which are o higher

s‘rengthening effect, should be counted on more or some other strenrsthening
should be nut into consideration,

reans which does not depend on metal compoundg, “or instance, in the “ollowins

we shall discuss the possibility of using high dispersion reversed austenite

strengthenin:,

2. The Characterist’'cs of the Easy Cross-slip Beshavior
of Dislocation lines of Fe-Ni Martensite Matrix

Soneone believes that the main reason that Fe-Ni martensite matrix has
higher touchness is due to the result that Ni helps to increase the fault
energy of the alloy and the width of dislocation bec~mes narrower, so cross-
slip becomes easy to take place, If this is the case, the toughness will be
damaced when Co which can lower fault snerry is added or esrecially when
Mn and Cr which can noticeably lower fault energy are used to substitute for
Ni and Co., But our experiment results indicate otherwise, As shown in Tipure 1,
in our laboratory experiments of 12Ni mararing steel in which Mn 1,5% and
Cr 3% are used to substitute for Ni 6% and Co 5%, the outcome shows a
combination of super-strencth and high touchness, & = 175-18k~/mm® and
Kie = 320-420kg/hm‘?/2 . It thereby bec~mes known that the tourhness of

Fe-Ni martensite matrix is not entirely determined by the width of disloeation,

The cross-slip is indeed a fuarantee that the bodv-centred cubic delta-
iron will not have cold=-short crack and that it ‘s a pood deformation
control when the cold-short temperature is lowered. But the relationship
between cross-slip of spread dislocation and fault enerry of face-centred
ocubic austenite, as mentioned above, cannot be simply applied to body-centred

cubie martensite under plastic state. In Fe-Vi martensite, when th,
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Pirure 1 The level of break tourhness
and strenrth of mararing steel
containing Mn-Cr and with low
Ni-Co contents

Bu's vector* of a tilted
4*slocation is 2 111 and its
cross-slip is from (112) to

(211) or (112), there cannot be
any press-bar dislocation. “ecause
a full ‘isloc~tion of w-ich the
fault enerry becomes wide because
it has been lowered, will not
necessarily be something like in
austenite that must become a
pressed bunch before itAbecogggss_
slip, so when such elements as

Co, Cr and ™n which can lower
fault energy are added, it will
not block cross-slip and will not

damare the tourhness either,

In theory, there is still another spreadins dislocation confiruration

~+hich can block the cross-slip of the spiral disloeation ‘n a bodv-centred

cubic metal, but in experiments, such a confiruration has so far never been

seen, In our laboratory, from the sample of 18Nil9Co mararing steel, we saw

the traces of cross-slip of soreading dislocations under the ef“ect of

electron beam, as shown in Figure 2. The curve-lined traces pointed by the

arrow are the complements to dislocation lines or srreading dislocation lines

observed in experiment. They are exposed traces left over when the cross-

# Bu's is a Chinese transliteration. It may be a short form of Burgers

s 2 o
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slip of dislocation was in movement. They are different from the straight-
lined traces seen in austenite stainless steel, These curve-lined traces
indicate that the cross-slip is continuous, We use electronic microscope ‘o
make further observation of the deforma*ion structure of 12Ni mararing steel,
Firure 3 shows its typical pic*ure, We can see many wive-like cross-slip
+arraces. The wave-like slir lnes indicate that crnss-slip can occur anywhere,
esnecially alons e lar -e rrain precipitation phases, deeper *‘races of
wave-like slip terrnces can be seen, This evidences that the disloecntion lines
throu-h cross-slip will ro around larre crain preciritation phases, So it is
not easy in front of the large crain precipitation phases to nroduce high
dislocation deposit stress which ¢an cause crack alon~ -recipitation ph-se

or phase b-undary in early deformation, Certainly, *he deep cross-slip
terraces mean that when the dislocation lines are passing around the lar-e
grain precipitation phases, an adaptive concentration occurs on the terrace.
This can cause crack in late deformation. So the eoncentration of larce

grain precipitation phases on crystal boundary or twin crvstal boundary should
te avioded. In short, from our observation in experi~ents, we know that it

is easy to have cross-slip of dislocation lines in Fe-Ni martensite matrix,

and the distribution of slip lines and deformation in the matrix is therefore
relativelr homorenecus. This is the reason why the tou~hness of mararing

steel is high,

Because of ‘he characteristics of cross-slip beha~ior o~ the disloecation
lines in Fe-Ni maraging steel, it becomes possible to use Mn and Cr which can
lower fault ener-y to substitute for Ni and Co. In 7e-Mn and Fe-Co, there
are hexagonal close-packed phase zones, so within a rance of middle or low

temperature, the fault zone of martensite dislocation lines can be Spread

S s v e e s ]
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and stabilized. This fault zone is also a hexagonal close-packed lattice
zone. Thus when Mn is added to maraging steel, it can not only substitute

for Ni by a ratio of 1:2,5 to lower M point so as to guarantee the forming

of martensite structure in large pieces but also can partially substitute for
Co to stabilize the fault zone of dislocation lines. Furthermore, it can
partially take the place of interaction of Co-Mo to ruarantee a combination
of high strengsth and high toughness. In a series of Fe-Ni-Cr, Cr has the same
function. This can be used to explain the fact as shown in Firure 1 that

in maraging steel, using Mn and Cr to substitute for Ni and Co can result in

super-strength and high toughness,

5. Discussion

5.1 The Control and Significance of the Precipitation on Dislocation Lines

On the matrix of body-centred cubic martensite are formed hexagonal
close-~-packed precipitation phases of different structure but not body-centred
cubic prolific phases of similar structure. Althourh it is different with
the homogeneous iso-lattice precipitation phase control of high temperature
alloy gamma', it gains high dispersity. As it can be seen. in maraging steel,
a long pre-vrecipitation zoneign?%ﬂgegpiral dislocation lines which orientate
along {111) . For explaing this phenomenon, we , in a previous articleé})
sucgested an assumption that in the fault layer of dislocation lines f£n the
matrix of body-centred cubic martensite, there 1s a hexagonal close-packed
lattice zone., Figure 8 is a diagram of the formation and structure of the
assumed hexagonal close-packed lattice zone in the fault layer., The Figure

shows the orientation relationship in the matrix used by reversed austenite

and N13Ho and N13Ti vhich are nucleated according to this model, It must be

10
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pointed out that this model doea not require a lar-e fault width, Recording

(1

to the analvees of the experiment results in the previ.us artiole,and this

one, this model at lenat ocan be satisfactorily used to explain the following

experiment phenomena in mararing ateels,

(1) The aotion of Oo in stabilising dimlocatlion lines, ail the difference

of actlion of M1, Cr and Co which oan lower fault enerm .

(2) The interaction of Co-Mo,

(V) The precipitation oontrol alons the apiral dialooation line,

(4)

(%)

(6)

)

Why the stable phases precipitated on the dislooation linea are
alwnrs haxagonal close-packed NU,TL and Ni Mo (Fe-Ma ia alno
hexa;onal and the reversed auatenite can also te recarvded as
haxagonal close-packed lattice with fault), and not bodv-centred
cuble prolicio phagea which are of aimilar atructure with matrix,
The orfentation relationahip of N{, T, Ni;Mo, the reverasd auatenite
and martenaite,

The apace-lattice precipitation structure formed alowyr Cour
diveationa of <111 type,

Wy the strenrthening effeat of TI and Mo whioh oan form haexagonal
close-packed phases Ni;Ti and NiMo ta the higheat and the

damage of toughnesa la the lenat,

5.2 The Relatlonship of Aging Frecipitation Phase and Temper Rrittlanaesas

18N1900 maraging ateel at lower temperature (</420°CY) and after a ahort

time aging will have a certain depree of hrittlenean, Mt after a treatment

of normal aging temperature and !ime, follovins the aeparation of precipttation

phases and the improvement of atfensth, the touchneas will be accordingley

promo ted.

6
In aome wu.‘m:n,(,\:}noh A diaavpearance of hrittleneas is often

u
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(MY A tharweadimentional @iacvam of the anvead dialoeation and
falt sane mhown tn Flgure 2 (a),
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austenite orvstal boundary. This kind of brittleneaa is uanally recarded

as a result of 3b, P, Sn and As arong the tamper hrittlenesa temerat re

zones clustering at the oririnal austenite orvatal boundary to Corm Lrittle
thin laver and seri~ualy lowvaring the coamulating strength at crvatal beundary,
The conrrecation of alloy slaments Mn and Cr at the arvatal boundary helnva

to atrengthen the senattivity of the ateel to temper brittlenean,

Experimenta in our laborat.ry show that when a amall quan! ity of Mo
(leas than 2,5%) ia added in solid aclution to the earbonleas Me.N{_Mn
marasing steel, the temper bri!tlenasa aannot be noticeably vaniahed, The
reault ts ahown in Flrure 9, Mt {f a conalderable anoaunt of Mo and TU ia
added to mara-ing ateael ac aa to guarantee a precipttation of -reat amount
of hexagonal close-packed phases, ¥ Mo, Ni,T1 and reveraed matenite, aftor
a treatment of normal acing , Then the temper bLirittlenesa aan be baateally
vanished nnd a combinal ton of high strenpth and hicsh towehnean will come out
(sec Fgure 1), 12V maraging ateel, in which Mi and Or ave used to vartiallv
replace Y1 and Co, an atudied in thia article, af’er a treatment of low
temperature and s rt-time acing, can have a certain dewrep:f;nmpm‘ hrittlaneasn,
The result {a ahown {n Plgure 10, ™t, aa mentioned alorve, after 1
treatment of normal asing and preat amount hexarsnal olose-vacked phasea Vi Mo
and Ni,'l‘i have bhaen precipitated ocut, the temper brittlanecan w'l) Ataanpear
and the orack touineas will be {rmvroved, 1t becomea abviona that althoupgh
{n ateel the ax’ atence of a amall ameunt of aneh elementa as Sb, I, Aa and
Sn, which can caune temper hrittlenena, {a tnevitalhle, thisrh a reascnable
avatam of nlloying and heat trantment, 1t ta atill nogathle ta have aring

work and preciplation phases that can blook the “aeming of hreitlenena atate

and temper brittleneas cn be avoided or eleminated,

17
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Figure 10 The effect of aping temperature and aging time to the
toughnegas of 12Ni4Co3Crl,5Mn mara-ing sterel
The phenomenon that the hexagonal close-packed phases,MNi Mo, Ni;T1 and
reversed austenite can noticeably elaminate temper brittleness, 1= a anblect

worthy of further studies,

% A transliteration of Ch!nease.
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6. Conclusions

(1) According to the method of using averar~e electron hole number or

PYIE PO Bnpni

averare electron concentration successfully to predict the stability and

solublility of hich temperature austenite in the study of high temperature

alloy, we su-gest an electron concentration criterion which can be arplied to E

mara;ing steel as followss

ot ot e

9

N 77540100 ™)

Here T stands for Celsius's temperature. Based on this, we would like to

€ B Y oWy B

point out the possibility and limitation of reducing Ni and Co contents in

maraysing steels,

(2) Our obaservation in experirments hns evidenced the characteristics
of easy cross-slip behavior of the dislocation lines in mararing steels,

RBecause in the matrix of body-centred cubic martensite, the oross-slip of

T o i e bt A el L AN IO, e 8341 A

tilted dislocations left no press-bar dislocation, the adiition of Co,which

can lower fault energy, will not obstruct cross-slip,

(3) Our experiments sbow that Mn, Cr and Co can all lower fault energ-,

Bt - g W = g D e e

but their action of stabllising dislocation lines and action to hvpocrvatal

structure are different,

[ ey Sy

(4) Our experiments show that the aring precipitation phases of
12 Ni maraging steel which contains Mn and Cr and with low contents of Ni

a'd Co are similar with the phasea of 19Ni9Co mara-ing steel, The main phases

D e e

are Ni;Ti (greatest amount), Ni;Mo and reversed austenite and some location

S gt

contains a small quantity of &-FeMo phase, The orientation of *he bar-like
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or bdand-like precipitation phase of Ni T1 along four <111> directions forms
sigsag space-lattice structure and very e”fectivelr entwines the disleontion
lines of ensy oross-slip, So there ia a gain of higher strengthening efcact
(6, = 120k:/mn?) and a toughness reachies the level of 18N{iOCo ateel (Kyo
320400 kg.mn=3/2),

(5) We discussed the hexagonal alose—packed fault laver
nucleated on dislooation 1lines from the hexagonal close~packed phases, 1 Mo
and Ni;Ti in marasing steel, which wna surgested in our previous arucle(,l\.
Rr this, a few phenomena in our experiments onn be exprlained, and at the aame

time we discussed the relationship hetween the separation of hexagonal cloae-

packed precipitation phases a:d temper hrittleneas,

In short, the result of our study of maraging steels which contain M
and Cr and with lower contenta of Ni and Co, provideta usefl view of the

poasibility of reducing the contents of Ni and Co in maracing ateela,

(Complated April 10-&)
(Reciaved April 1%,1077)
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